The t(15;17)(q22;q21) translocation is tightly linked to the APL phenotype, and the resultant PML-RAR fusion can be demonstrated in 98% of APL cases. Rare variant translocations have been reported, the majority of which on detailed analysis represent cryptic PML-RAR fusions. However, a handful of APL cases have been described with different genotypes. These include the t(11;17)(q23;q21) that produces the PLZF-RAR fusion, t(5;17)(q35;q21) that forms NPM-RAR, t(11;17)(q13;q21) that generates NUMA-RAR, and der(17) that creates STAT5b-RAR. In this review we will discuss these variant translocations, and discuss the insights that we have gained from their study.
Introduction
The vast majority of acute promyelocytic leukemia (APL) patients manifest the t(15;17)(q22;q12-23) translocation, 1 which results in expression of the PML-RAR fusion. 2, 3 Yet, there are a subset of patients with APL in which t(15;17) cannot be demonstrated, either on a cytogenetic or molecular level. These variants present themselves as 'experiments of nature' in which similar phenotypes are associated with different genotypes. They serve as potential tools to test hypotheses addressing the molecular basis for APL, and to identify common biologic pathways that truly underlie development of the APL phenotype.
Numerous cytogenetic variants have been reported in the literature, many of which have been shown to have compound or cryptic rearrangements of the PML and RARa (retinoic acid receptor alpha) loci. Indeed, the European Working Party found that the majority of cases without demonstrable t(15;17) have a PML-RAR rearrangement on molecular analysis. 1, 4 Cases without demonstrable PML-RAR rearrangement amounted to only 19 of the 611 cases compiled. These represent variants in which RARa was fused with a different locus (seven of the 611), leukemias lacking discernible RARa rearrangements (five of 611), and seven that were not fully characterized. None were found to have PML rearrangements without RARa, supporting the central role of the RARa in the pathogenesis of APL. In this review we will focus on the APL variants that have rearrangements of RARa (Table 1) .
APL variant translocations
The first variant translocation in APL to be described, and the most intensively studied, is the t(11;17)(q23;q21). First
The second variant chromosomal translocation to be characterized, and the second most plentiful, is the t(5;17)(q35;q21) translocation. 11 A total of four such patients have been identified. This variant translocates the nucleophosmin gene on 5q35 into the RARa locus on 17q21. 12 Again, the breakpoint occurs within the second intron of RARa, so that a fusion protein is expressed that encodes the B-F domains of RARa in the same reading frame as the N-terminal domains of nucleophosmin (NPM). Nucleophosmin is a nucleolar phosphoprotein that plays a role in ribosomal RNA assembly; it also has chaperoning activities, as well as nuclease activity. Recently it has been found to associate with centrosomes, and possibly play a role in regulation of centrosomal duplication. 13 A reciprocal RAR-NPM fusion was described in three of the four cases. Though the original report found two NPM-RAR isoforms expressed, presumably as a result of splicing, 12 the three subsequent case reports indicated expression of only the shorter NPM-RAR transcript. 1, 14, 15 Interestingly, NPM-RAR contains the same 118 N-terminal nucleophosmin sequences as is contained within the NPM-ALK fusion protein found in t(2;5) anaplastic lymphomas, 16 in which nucleophosmin sequences are fused to the ALK kinase. Like the t(15;17) APL, the phenotype of t(5;17) is M3. There is compelling evidence to indicate that the t(5;17) blasts can respond in vitro to the differentiating effects of ATRA, 17 and in the one evaluable case treated with ATRA, the patient attained a remission. 14. One case of t(11;17)(q13;q21) has been published. 18 This 6-month-old boy presented with leukocytosis and skin lesions. Blood smear, bone marrow, and skin biopsy specimens showed a predominance of promyelocytes and dysplastic maturing neutrophils. The patient was begun on ATRA, and achieved a complete remission. Southern blot analysis revealed (17) has been reported. 19 This was a 67-year-old man who was diagnosed with AML M1. A minority of marrow blasts showed morphologic evidence for the M3v microgranular variant of APL. Blasts did not respond to in vitro challenge with ATRA. Further chromosomal analysis revealed the der (17) to be the result of duplication of 17q21.3-q23. 19 Rearrangement of the RARa locus was determined by Southern blotting. Cloning of the region indicated an insertion of the gene encoding the Stat5b member of the signal transducer and activator of transcription family, into the second intron of RARa, in the appropriate reading frame to produce a Stat5b-RARa fusion. Because of the nature of this interstitial duplication, no reciprocal product was produced. The predicted Stat5b-RARa fusion contains Stat5b sequences representing the N-terminal coiled-coil domain responsible for dimerization of Stat5b, the DNA binding and SH2 domains, and a portion of the SH3 domain. These sequences are fused to the same RARa sequences as in the other APL variants.
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Several other potential APL variants have been reported in the literature that have rearrangements of 17q12-21, the locus for RARa. These include t(14;17)(q22;q21), 20 t(8;17)(p21;q21), 21 t(1;17)(p36;q21), 22, 23 and t(7;17)(q36;q22). 23 Since the fusion partners have not been cloned it is possible that some or all may represent cryptic rearrangements of PML-RAR or the other APL variants. There are thus insufficient data to determine if these represent novel variants.
What have we learned
The PML-RAR fusion protein is a multifunctional protein that contains protein interaction domains of PML, dimerization domains of both PML and RARa, RARa DNA binding motifs, ligand binding domains, as well as transcriptional activating and repression domains of RARa. A variety of hypotheses have been proposed for the aberrant function of PML-RAR in APL, including its acting as a dominant negative for PML, 24 a dominant negative for RARa, 3, 25, 26 or a rogue transcriptional activator or repressor. 2, 25 The study of the variant translocations holds promise for distinguishing between these competing hypotheses.
The importance of RARa
The obvious commonality of all the APL fusions is conservation of C-terminal RARa motifs. Indeed, all fusion proteins contain the exact same sequences of RARa, since all the translocations map to the second intron of the RARa gene. Interestingly, RARbeta and RARgamma translocations have not been reported, despite indications that all three RAR isoforms bind to the same consensus binding site and have similar biochemical function. This may purely be a result of the localization of a hot-spot for rearrangement in the sequences of the second intron of RARa, increasing the probability of RARa rearrangements. 27 RARa is not involved in translocations of other leukemias, though there has been one case report without molecular documentation suggesting that the RARa locus may have been the fusion partner to MLL in a novel 11q23 translocation with M5 phenotype. 28 All the known variants that have been studied bind the ligand ATRA. All bind to consensus retinoic acid response elements, though possibly with different sequence specificity. 29 All can interact with RXR, co-repressors and co-activators, though the roles of these interactions remain somewhat controversial (see below).
However, the European Working Party reported five cases of APL in which no rearrangement of RARa was detectable by Southern blotting, FISH, or RT-PCR. 1 Further detailed studies of these cases, including potential responses to ATRA, have not been reported. In a similar compilation of 284 APL cases from Shanghai, 15 no such cases with unrearranged RARa were reported. The significance of these cases remains unclear. It is possible that they have undetected RARa mutations. It is interesting to speculate that they might have other genomic mutations that lead to alteration in the downstream pathways that are altered in the usual APL cases. Without further data, these cases remain a mystery, and potentially serve as evidence against the hypothesis that RARa rearrangements are fundamental to the biology of APL.
The role of co-repressors
Co-repressors mediate transcriptional repression through chromatin remodeling mechanisms. 30 PML-RAR binds to retinoic acid response elements (RAREs) and, like unliganded wild-type RARa, actively suppresses transcription by recruiting co-repressor complexes to the local environment of RAresponsive promoters. Unlike RARa, PML-RAR fails to undergo the appropriate conformational changes that permit release of the co-repressors SMRT (silencing mediator of retinoid and thyroid hormones) or N-CoR (nuclear co-repressor) at physiological concentrations of ATRA. 25, 31, 32 Rather, higher concentrations of ATRA are necessary for PML-RAR to release SPOTLIGHT the co-repressor complex, and bind co-activators to initiate transcription. This has led to the hypothesis that inappropriate repression of RA-target gene expression blocks myeloid differentiation to contribute to the APL phenotype; conversely, at high levels of retinoic acid, as achieved in vivo by pharmacologic treatment with ATRA, this transcriptional inhibition is released, to allow terminal differentiation of the APL blasts.
Study of the variant translocations has provided strong support for the hypothesis that these refractory interactions with co-repressors underlie the myeloid maturational arrest that characterizes APL, as well as the success of ATRA treatment for the retinoic acid responsive PML-RAR, NPM-RAR and NUMA-RAR variants. Like PML-RAR, both NPM-RAR 33, 34 and NUMA-RAR 35 have higher affinity for co-repressor molecules, and like PML-RAR, both activate transcription in the presence of high concentrations of ATRA. PLZF-RAR blasts fail to respond to even high concentrations of ATRA, 9 as would be predicted by the observation that PLZF-RAR binds corepressors through both ligand-dependent and ligand-independent interactions. 25 PLZF-RAR thus cannot fully release the co-repressor complex, and thereby fails to activate transcription of the appropriate target genes necessary for myeloid differentiation. Further supporting the model that co-repressor interaction is central to the maturational blockade of APL is the finding that PLZF-RAR blasts from transgenic mice respond to the combination of ATRA and a histone deacetylase inhibitor. 26 Such a combination would potentially ablate the activities of the PLZF-tethered co-repressor altogether.
Preliminary studies of the STAT5b-RAR fusion do not fully support this model, since STAT5b-RAR shows the same dependency on ligand concentration for interaction with corepressors as PML-RAR. 36, 37 However, blasts from the index case were not sensitive to the differentiating effects of ATRA. 19 Addressing this dilemma, Dong et al 36 have speculated that the STAT5b domains might bind an as yet unidentified corepressor. It is also worth noting that the index case may have represented a chimera of two leukemic clones, with a subpopulation being the microvariant APL clone: 19 the apparent ATRA insensitivity that was reported may not be representative of the sub-population of APL blasts.
PML relocalization
It has been hypothesized that PML-RAR induced disruption of wild-type PML protein interactions is critical for the APL phenotype. 38, 39 Wild-type PML associates with more than 20 proteins in nuclear structures known alternatively as PODS (for PML oncogenic domains) or NBs (nuclear bodies). 40 PML-RAR and PML form heterodimers, which serve to disrupt the nuclear bodies. 38 Indeed, in normal cells, PML can be found in 10-20 NBs throughout the nucleus; in cells expressing PML-RAR, immunofluorescence studies indicate that PML distributes into a microspeculated pattern, physically segregated from the other NB proteins. Upon treatment with ATRA, PML dissociates from PML-RAR, and reaggregates into the nuclear body structures. Since this occurs within 24-48 h after exposure to ATRA, before other signs of myeloid maturation are detectable, it has been suggested that relocalization of PML into nuclear bodies is necessary for myeloid differentiation, and conversely that delocalization of PML from nuclear bodies underlies myeloid maturation arrest. 38 This scenario does not hold true for the variant translocations. In PLZF-RAR, 1 
Interactions with RXR
RXR is the heterodimer partner for wild-type RARa, and is necessary for RARa binding to RARE. [42] [43] [44] It also forms similar heterodimers with the VDR, TR and PPAR receptors, as well as acting as a ligand-responsive transcriptional activator itself. All of the APL fusion proteins are capable of interacting with RXR. Indeed, it has been formally demonstrated for PLZF-RAR, 6 NPM-RAR, 33 NUMA-RAR, 35 and Stat5b-RAR, 36,37 along with PML-RAR. 2, 3, 39 Interaction with RXR has been shown to occur in solution phase as shown by co-precipitation experiments, as well as on target RARE oligonulecotides, as shown by electrophoretic mobility shift assay.
Immunofluorescence data have been published for PML-RAR only: PML-RAR and RXR co-localize in both APL and transfected cell lines. 39 In preliminary experiments, Redner et al 45 have shown that mutants of NPM-RAR that fail to bind RXR lose their ability to inhibit U937 cell differentiation. These observations lend credence to the hypothesis that the fusions might sequester RXR to act as dominant negatives for wild-type RAR, as well as other RXR-binding nuclear hormone receptors. Whether the fusions bind DNA as heterodimers with RXR remains controversial (see below).
Dimerization
Grigani et al 46 first indicated the importance of the PML dimerization motif for PML-RAR function. This led to the hypothesis that dimerization of fusion proteins was critical for function, and indeed it has been shown that an exogenous dimerization domain linked to RARa sequences could reproduce PML-RAR-induced maturation arrest. 47, 48 Further supporting this hypothesis is the observation that all of the variant fusion proteins form homodimers by virtue of domains contributed by the N-terminal fusion partner. Whether the biologic function of the variant proteins depends upon dimerization remains controversial (see below).
What we are still learning
There is much that we do not know concerning the function of the APL fusion proteins. Unfortunately, study of the variants has not yet resolved many of the controversial hypotheses concerning the function of PML-RAR.
Do the fusion proteins bind to DNA as homodimers or heterodimers?
All the fusion proteins contain the appropriate motifs to form homodimers. All of the fusion proteins have the appropriate motifs to form heterodimers with RXR. All interact with RARE target sequences, and there is much evidence to support the SPOTLIGHT Leukemia hypothesis that alteration of transcription of target genes is a major mechanism underlying the maturational blockade. What remains unclear is whether the fusions bind to DNA as homodimers or heterodimers. PML-RAR and PLZF-RAR preferentially bind as homodimers. 29, 49 Yet, for NPM-RAR, 33 NUMA-RAR, 35 and STAT5b-RAR, 36,37 the RXR-heterodimeric complex seems to be more stable. Such a difference in homodimer vs heterodimer could alter target DNA sequence recognition. 49 
What are the target genes?
Numerous studies have shown that all fusions are capable of binding to RAREs. In cells, however, it is not yet clear which target genes are most important for the APL phenotype. It has been shown that PML-RAR and PLZF-RAR may preferentially bind to different target sequences than wild-type RARa. 29, 50 In both EMSA and transcriptional activation assays NPM-RAR 33 and NUMA-RAR 35 also seem to have different target gene specificity from wild-type RARa. However, direct comparison of all the variants has not yet been performed, nor have gene array studies, which might potentially identify the allimportant target genes themselves.
What is the role of ATRA-induced degradation of the fusion proteins?
ATRA induces degradation of PML-RAR, 51, 52 which may account for amelioration of its dominant-negative effects on PML or RARa. ATRA similarly leads to degradation of PLZF-RAR, 36 yet ATRA does not lead to differentiation of PLZF-RAR blasts. ATRA does not affect the stability of STAT5b-RAR. 36 Studies on the stability of NPM-RAR and NUMA-RAR have not yet been reported, but to date the significance of ATRAinduced degradation of the fusion protein remains unclear.
How applicable is arsenic to non-PML-RAR leukemias?
Arsenic has been used since the days of Aristotle for medicinal uses, both good and bad. With the pioneering studies of the group at Harbin China, it has re-emerged as a potential agent for relapsed APL. Arsenic trioxide produces partial differentiation and apoptosis of APL cells. 52, 53 It was originally proposed that arsenic brings about degradation of PML-RAR through increased binding of the proteosomal-targeting modifier SUMO to PML domains of the fusion. Consistent with this hypothesis is the finding of relative arsenic insensitivity of PLZF-RAR cells. 53 However, arsenic has many other effects on cells, including induction of apoptosis through PML-RAR independent mechanisms. 53 The sensitivities of NPM-RAR, NUMA-RAR and STAT5b-RAR to arsenic-induced degradation have not been determined. Therefore, the mechanism and potential applicability of arsenic remains unproven.
What is the role of the reciprocal translocation product?
It remains unclear whether there is a consistent role for the reciprocal translocation products in APL. The reciprocal product potentially contains the N-terminal transactivation domain of RARa linked to C-terminal domains of the fusion partner. Transgenic animals expressing the RAR-PML have no phenotype of their own, but double RAR-PML/PML-RAR transgenics develop an APL phenotype with greater penetrance than PML-RAR single transgenics, suggesting a function for the RAR-PML protein. 54 RAR-PLZF links the transactivating domain of RARa to seven zinc fingers of the DNA binding domain of PLZF: not surprisingly, it functions as a transcriptional activator for PLZF-target genes. 55 Transgenic RAR-PLZF animals have abnormal myeloid development, and double RAR-PLZF/PLZF-RAR animals manifest a phenotype closer to human t(11;17) APL than PLZF-RAR single transgenics. 56 RAR-NPM has as yet no phenotype: RAR-NPM expressing U937 cells grow and differentiate normally. 57 RAR-NUMA was not detected in the report describing this translocation, 18 and RAR-STAT5b is not created by the der17 rearrangement. Thus, the variant translocations have not yet elucidated a common role for the reciprocal fusion products.
Is there a set of proteins with which APL fusions interact?
PML-RAR has direct protein interactions with C/EBPalpha, 58 as well as Dnmt3. 59 Either or both of these interactions could have significant effects on myeloid differentiation: by altering function of a transcription factor necessary for myeloid development, or by altering DNA methylation of target promoters. Interactions have not been described between C/EBPalpha and Dnmt3 and the variant fusions as yet, and so the overall significance of these findings for the APL phenotype is still unclear.
PML-RAR and wild-type RARa interact with the AP-1 family of transcription factors to create transcriptional 'cross-talk'. Whereas RARa acts as an inhibitor of AP-1, PML-RAR acts as an activator. 60 However, preliminary experiments with NPM-RAR have failed to show a similar AP-1 enhancing activity. 61 Analyses of the interactions of other variants with AP-1 have yet to be reported, leaving the question of the role of aberrant AP-1 signaling in the APL phenotype unanswered.
There is still much to be learned about the molecular mechanisms underlying APL. Fortunately, nature has provided us with reagents that have allowed us to gain insights into the biology of APL, and with further study, should allow us to identify the elusive common pathways that lead to the APL phenotype.
